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Suspension of solid particles in liquids is an important 
aspect of many ciiemical process inaustries. G-enerally, the 
particulate solid suspensions are accomplished in a tank charged 
v^ith.a liquid by rotation an iopelxer. i’he minimum speed of 
rotation at which all tho solid particles are oust suspended 
is teimed as ihe critical speed of suspension Uj )• 

fhere have been many empirical and semi-empirical studies 
conducted to obtain correlations which w/ould predict h^-values 
for known stirred systems, fhe results of many such studies do not agr 
not agree and there is a fair amount of diversity for h -values 
calculated from e.-'ch one of tiiem for a speoified system. 

I'he most sucessful relation videly used in inaustry is 
the one proposed by .dwietering. It is based on a large number 
of experiments and in a simplified form oan be represented, for 
a centrally mounted mixer rotating in a flat bo-cuom cylindrical 
tank containing liquid and particulate solids, as 

A fl 

Li* 

where L and f are tae ixnpeller diameter and tank diameter 
respectively and A is a function of the physical properties of 
particulate system. 

It should be noted that observations for N. were made 
visually and therefore could be viewed as subjective. 

■i'he present study was undertaken to test other methods 


"F I'nili r-i on •v>n nr 'tv 
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n n -F -H -1 r\v-4 rvvn * +“ * 



xiti 


Two other methods one by physically withdrawing the local 
suspension in sampling system and the other by light-scat isering 
technique were employed to measure d -values, which were also 
obtained visually. All the three methods give almost identical 
Values of h . Thus, the simpler method of visual observation 
is validated. 


The data shows tne value of exponent on h to be 0.13. It 
also shows that varies as doth of then are in 

excffillent agrc;ciiient with corresponding values proposed by iiwietering. 

is shown to be a function of type of stirrer and not on 
the dimension and position of the stirrer in the tank, 't' 
however, depends both on the type of impeller and on its position 
in the tank. Quantitative relations have been proposed relating 
't' to the ratio of tank diameter to its clearance from the tank 
bottom (T/C) for the two types of mixers employed in the present 
study i.e. square pitch marine propeller and six flat blade 
paddle impeller. 



CHiPTER-1 


INTRODUCTION 


1 .. 1 General 

Many chemical processes involve suspension of solid particles 
in liquids, e.g. leaching and washing of crushed ore, salt dissnluti< 
and crystalizations, dispersion of nuclear fuel (thoria-urania) in 
Water for feeding in to reactor Grid extraction of organic infusion 
in the dye industry. The objective of these processes is to achieve 
the maximum dispersion of solid in liquid phase. The agitated vessel 
often reffered as stirred tank, is most frequently used in chemical 
process industry to bring about an excellent solid liquid contact. 

When the solid particles are charged in the liquid phase, the i 

I 

particle* settle down because of higher density. To lift these solid i 
particles from the bottom of the Teasel and suspend in the liquid, 
it is essential to supply energy which will work against the gravity,! 

i 

drag and buoyant-forces. This is usually accomplished through the i 

I 

rotation of impeller. i 

1 

The impeller speed at which all the particulate solids just | 
become fully suspended is an important parameter because at this i 

stage the total surface area of particles is most efficiently utilized 

i 

for the process«»/like mass transfer- etc. Above this speed the rate of | 

such processes as dissolution increases slowly. While the power | 

[ 

dissipation increases remarkably. ! 
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Essentially two main suspension states can be defined as: 

(i) Complete suspension, which could be defined as the agitated state 
of the vessel charge where no solids remained at the bottom for 
longer than 1 or 2 seconds i.e. all the solids are just suspended 
and the corresponding rotational speed of impeller is termed as the 
critical speed of suspension (Nc). 

(ii) Uniform suspension, where in the particulate solids are 
uniformaly distributed throughout the liq_uid in the stirred tank 
charge i.e. the local concentration of solids is some or nearly same 
everywhere in the agitated liquid region. 

The present study primarily concern with the suspension and 
not the subsequent homogenization step. | 

LITERATURE REVIEW 

1 .2 

Eecause of complex hydrodynomical nature of two phase : 

j 

turbulent flov/ in a stirred tank, theoretical approach to the problem; 
of suspension is very difficult. There is, as yet, no completely | 
satisfactory method for predicting solids suspension characteristics ! 

i 

in agitated vessels, although a conjeiderable amount of attention I 

1 

both in teims of empirical and semi-empirical studies, has been ; 

given to this intractable problem in recent years. 

I 

I 

It has long been recognised, for example, that the impeller ! 
geometry and speed coupled with vessel geometry and physical 
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properties of the particulate system, are the important parameters, 
which determine critical speed. of suspension, lilmpirical corolations 
are based on this concept. Semi- empirical correlations assume a moda 
of suspension followed by analysis, ihe studies have been reported 
in termtof minimum power needed to suspend the particle or directly 
as Nq, out of several studies that have been made to determine the 
critical speed of suspension with a varoeby of solids, liquids and 
impellers in baffled and unbaffled vessels, following are some of 
the typical expressions reported on the basis of these studies. 


Experiments wore conducted by Zwietering (l) in fully baffled 
transparent vessel with sand and sodium chloride as particulate 
solids .dispersed in a variety of liquids e.g. water, acetone, 
cr.rbontetra chief ide, potassium corbonnte solution and oil. Paddles 
flat blade turbines, vaned discs and propellers each of different 
diameter were the agitators used. The data was. correlated by the 
follov/ing empirical expression. 

0.2 


=vp(T/D) 


, gO.45 )0.45 0.1 0.2 (gj0.13 

. / • 4- r P 


0.55 

4 


p 


0.85 


Where 


^c 

T 

1 

I 


= stirrer speed 


r/^ 


rev/ sec 


cm 

cm 

Ci 


Vsec" 


gm/cm^ 


vessel diameter 
stirrer diameter 
' acceleration due to gravity 
density of the solid . 
density of the liquid 
viscosity of the liquid 
particle size of the solid 
weight of the solid in suspension, 
per weight of liquid, times 100 percent 
• constant 
: constant 

^and t have values dependent on the type of stirrer and its 
clearance from the fedttora. 


gm/cm' 
gm/cm sec 
cm 


r 

t 


1.1 
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Insr'estigations were carried out by Pavlushenko et al* (2) with 
dispersed particulate solids as sand and iron in different liquids 
®tirred in unbaffled vessels with three blade square pitch 
propellers. The data was correlated by the following expression: 


N 


c 


0.105 


gO.6 ^0.8 



3 . 1.9 


... 1.2 


^ 0.2 J),e 2.5 

Basically, the experiments were performed by Kneule (3), to 
study the rate of solution# of crystals in stirred vessels. It 
was observed that below the fully suspended state i.e. for 
impeller speeds less than the toral area of the particulate 
solids, available for dissolution v^as not efficiently utilized and 
aoove this speed whole of the available area is already exposed 
and the rate of dissolution increases rather slowly . The critical 
speed of suspension is therefore, important on the basis of 
experiments, directed to determine the expression reported in 
terms of power input to the stirrer is: 

Ik (b)°- 5 T g 1 , 

p _ 



Where v is the volume of the stirred liquid charge. 

Ak. is dimensionless constant depending upon the geometry 
of the agitator system. The value of Ak is not given 
in Kneule 's paper. 


Kolar (4) used a semi empirical approach starting with the ass! 
mption that it is necessary to supply through the mixET^ just thatj 



5 


-.iiiount of energy which is required to maintained the solid phase 
in suspension i.e. 


I = g U -ft )'lt ... 1.4 

Where 7 is the volume of solids, 
s 

is the settling velocity in the turbulent liquid. 


Second assun tion for the resistanco of a submerged body tf 
to motion in a fluid is; 






o 



» 


1.5 


Where is the settling velocity of the particle in liquid x.i 
medium at rest. Therefore j 


-fs ) 


V-, 4 


!■"= S 


\ 4 
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The above equation can be rearranged to dimensionless form ass 


( 


g 


■)( 


S ( 


) 


o ' s “4 

With 55> Kh, equation 1 .7 reduces to 


r ^ o ■i' 


... 1.7 


( 


S^o^ ■ ^ ^s ^ -f. 


ED 

U 

o 


1 .8 


Eow the actual power which the mixer transmits to unit mass 
of liquid on attaining homogeneity of the suspension can be expressed 
as ; 




.. 1.9 
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Where is function of concentration of solids and physical and 
geometric properties of the system. 

Thus: 





^o ''^i ^1 ' m -2 


The ratio (^/e ) can he taken as equipment efficiency. 

s 

^ / e. ) can roasonahly he assumed as functions of variables 
s 

appearing in the ahovo equations. Therefore; 


t\T> 

VJo 





C 




1.11 


Kolar, on the basis of experiments, reported the values of K, 
2 , h, c and d for square-pitch propeller, paddle with 45° slope and 
)-hladed flat-turhine at specified positions of the mixer from the 
•,ank hottom. For example, for propeller with a clearance T/3 from 
:he bottom the values of the constant and exponents, in the order a 
lentioned, are 106.2, -0.266, 0.095, 0.112 and -1.559. 


Warayan and covrorkers (5) proposed a theoretical expression 

'or N . The underlying assumption of this model is that at suspanded 
c 

tate the net upward force on a single particle equals the net 
iownward force, where from the authors obtain the following 
xpressions 



Where U could be taken as the minimum velocity of the fluid 
0 suspend the particles. Now on the basis of flov/ pattern corrospondii^ 
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to a flat bladti paddlo j anotlior expression v/as obtained as : 

F (D/1)2 (2T - D) , 

TT .... 1 . -t P' 

z - 0.9 

Where is the average fluid volocit;y in the flow pattern loop. 
On the basis of underlying assumption U should be eq.ua.1 to Uz. 


finally the expression for N is reported in the following forms 




782 (100R)“°-22(|.32 2g(f, -4 ) 


E H 


— h 

’1 -"S 


si 




. • « *1 . 


Where is the net hydrostatic head of the slurry. 


A wide possible combination of agitated vessel geometry, impolle- 
bypo, size and impeller location within the vessel wore choosen for the 
studies in agitated wessel. The impeller was eight flat beaded paddle 
;ype and vessel was cylindrical, fully baffled and flat bottomed. 


'Wiesraan and hfferding (6) also used the method of somi-ompirical 
tudy. The equation for power to obtain a suspension intergaoo height 
z' is given as: 


1 .74 go P 
g V U' (4/) 



=0.16 e 


5.3 


1.15 


Vifhere P = power to get off-bottom particle motion. 

= liquid fraction nased on vessel volume V. ; 

Ug = Relative verticle velocity between particle and fluid! 

in turbulent region 

P niP 1 i 

= 1.74 ^ i 

a = clearance from the tank bottom. ; 


A new model has been proposed for the determination of minimum 
stirrer speed for complete suspension by Baldi and co workers (7). 

1C underlying principles in this analysis is that ab the complete 
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« suspunsion st.ntt;, tht; pr.rticlus pruviousl.,' suspunc. oa urop and 
stop in certain zones of the tank hottoi.i anc. then (after 1 or 
2 seconds) are suspended again. 

It can beassuiaed that the suspension of particles is 
raainly uue co eddies of certain critical scale, hudies \/ith lo\/e 
scale than the critical one do not have the energy nocossary to 
uove particles being at rest on the bottou; eduies v;ith larger 
scale have frequencies less than those with the critical scale 
and hence have loss probability to ’hit' and suspend tho 
particles. On tho basis of their assurjption and oxporii.ien'cal 
data they got the following expression; 

“ fO.58 jO.89 

Iho above equation is very similar to Zwitering’s 
relation. But the sinilarity is confined to tho case of 
C/B 1 and if C/D is changed the exponents in above equation 
will change. 

1 .3 PRESENT WORK 

In all the above studies the aim of workers to 
determine the critical stirrer speed for suspension with 
different types of impeller. The “ values calculated from 
various expressions discussed above give widely different 
values. for a specified system. The discripancies in the N^— 
values may be due to non identical experimental conditions. 
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Sor example, the clearance of the impeller from the tank bottom 
is not reported whereas it is recognised that the clearance has 
a marked effect on . Also, baffled system has not been used 
throughout. A few investigators conducted experiments without 
using baffles. Each study has its own range of viscosity and 
density ratio. 

Despite the shortcomings in general approach for predicting 
the value of Ih, the Zwietering relation has a validity based 

V_/ 

on numerous experiments. Irocess industry dealing v/ith particu- 
late suspensions use the relation in situation where the critical 
speed of suspension can not be measured insitu and has to be 
known a priori. 

In, Zwietering’s relation ^and t vary with the type and 
position of the stirrer. It has been observed by Uhl and 
Gray (9) that 'Y changes from a value of 1 to 2. An average value 
of 1.5 hasbeon suggested for practical use. Similarly for 'f a 
value of 1,4 has been recommended. It should be noted that Up- 
values as used by Zwietering were measured visually and therefore 
such a method could be viewed as purely sub^jectiv^* 

The basic purpose of the present study is to develop 

and establish alternative experimental methods to measure 

U - values and compare them with the values observed visually, 
o 

and subsequently ‘ with the help of N^- data obtained ®l<are 
regorously to look more carefully at the nature and magnitude 
ofYand't’. Since various particle loadings were used the 
exponcTit V on the concentration term in Zwietering relation 
that is B could also be verified. 



CHAPTiiR-2 


EXPliilllMlAL EQUIPLIENT 

'file oxporiiaontal set up ns shown in Pig. 2,'i consist of 
two parts (i) Mixing sot up and (ii) Measuring equipments . 

Mixing set up: It consist of glass vessel with transparent flat 

hottoiii having stainless-steel baffles, a d.c. motor 
along with Voltage stabilizer and. variable auto- 
transfarmer, stirrers and stirrer shaft. 

Measuring equipment: 1. Instruments to determine rotational speed 

of impellers. 

2 . Sampling device . 

! 

3. Visual observation instruments. 

4. Equipments for light scattering method. 

2.1 Mixing set up ! 

Cylinarical t.aifcs maao of glass v/ere used in the present i 

[ 

study, 'i'hu sizes are listed in table 2.1. To ensure the base of th 
tank as flat, a corning glass beaker of appropriate dimensions ; 

j 

was taken. Its base was removed, fhe residual cylinder was | 

r 

then glued by Araldite to a perspex plate along the groove already j 

I 

cut in the plate, 'fhreo perspex slabs of equal dimensions wore | 

1 

fixed at the bottom of the vessel for support, 'fhe stainless | 

steel bafflesof the following dimensions were used. J 

Width of the baffles = l/lO tank diameter 
Length of the baffles = height of the tank 
Thickness of the baffles = l/l6 inches 

The stirrer shaft was nmde of stainless steel aid the 
length of the shaft was kept approximately 1*5 times of the tank 





Fig. 2-1 -Schematic diagram of experimental set-up 








*1 2 


height. The shaft vaas properly coupled to the motor sho,ft by r.iean£ 
of screws. The outer diameter of the stirrer shaft was slightly 
less than the internal diameter of the impeller dicineter through 
which shaft hail to pass. To locate the centre of vessel, the free 
end of tho- stirrer shaft was made conical and by coinciding the tip 
of shaft ro the centre point of vessel bottom it was possible to 
have axis of vessel and stirrer concident raid types of stirrer used 
are listed in table 2.2. 


Table 2.1 Dimensions of the vessels 


1 

Vessel diameter (cm) 

12.75 

14.07 

16.20 

21 .7 

2 

Vessel volume (l)^ 

2.00 

3.00 

5.00 

10.0 

Table 

2.2 Types and 

dimensions of stirrers 



Type of stirrer 


Diameter ( 

cn) 


Marine Propeller 

- 

6.00 

7.80 


Plat 

blade paddle impeller ■ 

5. 

1 6.38 

7.65 



A d.c. motor (,l/l5 H.P.) was mounted on a vertical 
sliding *Wolf’ drill machine stand. To adjust the speed of the 
motor a variable auto— transformer (with d.c. rectifier unit) v/as 
connected in series to a voltage stabilizer (motawani) . The level 
of the base of stand was adjusted in horizontal plane with the help 
of sprit level. Sinilarily the motor was mounted on the stand in 
such a way so that the shaft should be perpendicular to the plane 
of the base of stand. 



2,2 i.'iLiasaring equipments 


2.2.1 Instruments to determine rotational speed of impellers 

For determination of speed of impellers a tachometer (Ventur 
A.T.H. 7, British made) and a calibrated stroboscope (G.E.) flash 
meter were employed. 

2.2.2 Sampling device; Samples were suc!g:ed out from the 
agitated suspension through a sampling tube (6.0 mm I.D.) in to 
an evacuusted round bottom flask of 100 ml capacity, having a 
female B-10 joint nea^^ neck with an angle about 20° to 30° with 
respect to vertical axis of -flask. A tube of 6.00 mm and approxi-; 
mately 20 cm in length carrying a male joint (B-10) at its one end; 
was fitted to this inclined neck* suck the sample figt 2.2. 

2.2.3 Visual observation instruments: To conduct visual 

observation a plane mirror was placed under the bottom of tank witl 
an angle of 45° to the plane of bottom and tank contents were 
illuminated with the help of a 60 watt., lamp from the top of the j 

vessels. The bottom contents of the vessel were viewed by the I 

above mentioned mirror. 

2.2.4 Equipments for light scattering method; In this I 

method a photo-multiplier tube (ECL Electron tube 680 A made in , 
U.S'.A.) with an amplifier circuit, to amplify the signal generated: 
by the photo-tube was used as detecting unit. A microscopic lamp : 
which could slide as a unit, in the horizontal as well as vertical: 
plan 9 (i.e. parallel to the axis of the vessel). A regulated d.c. 
power supply was connected to glow the microscopic lamp (6 volt, 

12 watt) to throw a constant intensity light on the tank. Lateral; 




Fig. 2-2 - Sampling device. 


surface of the tank was covered v/ith. a black paper except for 
two small openings. These openings v/ere in one horizontal line 
through v/hich a thin light beam passed. The vessel contents v>rere 
illuminated at a fixed height from the tank bottom and residual 
transmitted light after passing through the suspension was receivec 
by the detector unit i.e. photo-multiplier. The signal generated 1 
this unit was amplified. The fluctuations were rectified by means 
a linear averaging unit. Then the output of this unit was fed to 
an oscilloscope (OS -SCI Ltd., India) as well as a linear 

recording unit (Encardio-rite model 531 A). A schematic block 
diagram is shown in figure 3.3 . 



CHAPTER- 3 


EXPERILIENTAIi PROCBPURE 

Before starting an experiment it was ensured tliati 

1. Bottom of the tank was horizantal. 

2. Stirrer shaft was vertical and 

3. The axis of the stirrer shaft and vertical axis of the tank 

were coincident. 

The first condition was met with the help of Sprit-level 
by adjusting the base of the stand on v/hich vessel was placed. ■ 
The second condition was fulfilled by drawing plumb line. The 
third condition was achieved by coinciding the tip of stirrer 
shaft to the centre point of vessel bottom. 

Baffles were placed in the vessel in such a way that all . 
the baffles were touching the wall and the bottom of the vessel i 
The height of the stirrer from the tank bottom was adjusted by 

I 

moving the shaft motor assembly up or down through the lever 
provided in drill machine stand. 

A measured amount of distilled v^rater was poured in the 
vessel up to a height, 0.69 times the diameter of tank. Hext » 
a weight! amount of sized glass beads was charged in the tank 
to get the desired average tank concentration. Increase in the 
height of the liquid level duo to solid particle was very small 
and hence negelected. The top ves^ was covered by a perspeoc 
plate as shown in figure (3»1)» 

Now, the motor was started and r. p. m. if stirrer was 
fixed at a desired value with the help cf a variable auto-trans- 
former. The r.p.m. values were measured with tachometer and al« 




1 ^ 


with stroboscope# To collect local, sample of the% agitated slurr’ 
the side tube of evacuuated flask was inserted in the t^nk throuj 
the hole of sliding block placed on the top plate slot (Pig. 3.1, 
Then vacuum stop cock was suddenly opened and closed, there by 
trapping a given amount of local sample. The collected slurry 
was filtered through a Sintered funnel(size ,G— 2) , Volume of the 
filterate was noted and the remaining glass beads were washed v/i1 
acetone and dried in an oven. These solid particles v/ere weighec 
The local sample concentration expressed as the ratio of the mass 
of beads to the mass of liquid times 100 was known. • These two 
parts of the sample (glass beads and water)were then' transferred 

i 

to the tank before taking the. next, sample.,,.; This process was 
repeated four or five times to get an. average concentration valu^ 
for a particular (fixed) rotational speed of the stfrrer. The 
abovo process was repeated again and avorag; sample concentratior 
was found out at different rotational speed. During sampling thc| 

conditions of with-drawing the sample v/ere hold constant i.e. | 

! 

the flask v;as evacuuated to the same degree of vacuum and the | 

stem of sampling tube was positioned at the same point aid the i 

stop cock to let the sample flow up in the evacuuated flask i 

i 

was opened and closed to the same length of time. Any departure 
from these conditions gave errorneous sample .concentrations j 

because of non-isokinetic withdrawl condition. ! 

The experiments were repeated at different solid loadings | 
and data were obtained in terms of sample concentrations at | 

different stirrer speed. Drom these data critical speed of 
suspension was found out by plotting concentration against ■ 

stirrer speed. The rotational speed of stirrer at which sample ! 



concentration reaches maximum was taken as critical speed of 
suspension (discussed later in Results and Discussion) . 

ihesG Nq values wore next found out visually by means of 
an inclined mirror (Rig. 2.1). In this method the criteria given 
by Zwietering (1) for the critical speed of suspension, was 
applied. 

The N -values for the same set of experiments, except 
c 

for high particle-loadings v/ero also found out by light -scat tar- 
ing technigue. In this method the critical speed of suspension 

* 

was observed by the same criteria as used in sampling technique. 
Since the decrease in intensity of transmitted li^t passing 
through the vessel contents, was directly proportional to the 
numbur of solid particles intersecting the light beam. Therefore 
at the critical speed of suspension the intensity of transmitted 
light was minimum which was detacted by photo-multiplier tube 
and was looked on the screen of oscilloscope. This signal, 
generated by photo-multiplier tube was recorded on a linear 
chart recorder (Encardia-rite) . 

The several combinations of tank diameter and impeller 
diameter by using propeller and flat bladed paddle impeller were 
used to determine N -values. In most of these studies only two 
methods i.o. visual method and light scattering method were 
used to determine E -values, once it was ensured by a few 
initial observation that H^-valuos as determined by physically 
withdrawing the sample was more or less same, as observed 
visually or through light scattering technique Rig. 3.2. 




FIG. 3*2 - COMPARISON OF N^- VALUES 
OBSERVED BY THREE 

different methods 
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In second set of runs, the v^hole processes wrore repeated 
to get N -values at different impeller heights from the tank of 
bottom. In this set propellers of diameter 6.0 cm, 8 cm and 
paddle impeller of 5.1 cm were used. 



CHAPTjilR - 4 


RRSJITS AKD DISCUSSION 

4.1 Equivalence of N^-values observed by the three methods: 

To determine the N -values from Sampling method, the local 
sample concentrations were plotted against different stirrer (marine 
propeller of diameter 6.0 cm) speeds, taking average tank solid 
loadingjs as a parameter (Fig.4..1,42 and4-3) . The curves show a maxima, 
and the corresponding stirrer speed may be taken (discussed later) 
as the critioal speed of suspension. 

Similarly in visual observations, the criteria applied by 
Zwietering (l) for complete suspension was used and the N -values 
were found out. These N -values were also observed by light-scatter- 
ing technique. 

The data is tabulated in table (5). It is evident, that 
N -values from the three methods of observation for a specified 

O 

system are identical. The differences are within It, thus, 

establishes the validity of visual observations of H , as employed 
by Zwietering. It may be noted that the determination of by 
either sampling method or light-scattering technique is a time 
consuming and difficult process. It, has however been used in 
limited experiments of the present stydy to check if visual observa- 
tions for N are correct . 
c 

4.2 A model for suspension and homogenisation; 

A close scrutiny of figuresACl ,A2 and4.3 suggest a model of 
homogenisation process of particle concentrations, suspension being 
the first step. At any sampling point excluding the non-circulating 





N 



,F1G 4-2 -EFFECT OF ROTATlor 
ON LOCAL SAMPLE 










zones, which depend upon the type cf flow pattern the stirrer 
generates, the local value of partiole concentration increases with 
the increasing speed of stirrer due xo progressive lift-up cf 
particles from the base until a maxima is reached, fhis corresponds 
to the break-point and represents the critical speed h . At this 
point the suspension is oomplete and the suspension effects fade away 
with homogenisation effects start playing the dominant role, v/hich 
cause the accumulated particles disperse to the depleted non-circu- 
lating zones. The implications of this model are illustrated in 
figure 4.4. 

4.? Affect of particle concentration on A : 

A few typical plots of Nq v® 1 'SUS particle concentrations are 
jgiven in figure 4.5, 4.6 and 4.7. It can be observed that the 
relationship between h and particle concentrations expressed as 
B is linear on a log-log graph. Also, these lines are shifted in 
a parallel fashion depending on the magnitude of the parameter, tank 
diameter (T) for a given mixer, clearance from the tjuak bottom and 
number of baffles. In figure 4.8 the value of clearance from the 
tenk botcom (T/C) was taken as T/9. The slope of all these lines 
is approximately 0.15. Therefore, the value of exponent of B in 
Zwietering’s relation from the present findings should be 0.15 which 
is in excellent agreement with the Zwietering's exponent-value cf 
0,15 also, the value of this exponent is independent of the number of 
baffles jtype of mix#r and cloaranco from the tank base. 

4.4 The value of -Yand ''t ’ in the Zwietering's relation; 

from the data, plots betv/eon S' and T/B were drawn a.s shovm in 
figure 4.9, for a given gxmg geometrical and physicaJ system which 
includes tvfo types of impellers used. 
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FIG. 4.4 
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Ihereforo from a log— log plot between S’ and I/D, the values 

of 'y' and t can oe determined. The values so obtained are given in 
■Che table 4.1. 

Table 4.1 

mixer 

rj/Q 

Typo Dimension 


iviaiiiio propeller 

6.0 

cm - 

dia. 

5.66 

2 

1 ,08 

i.iarine propeller 

7.8 

cm - 

dia. 

5.66 

2 

0.98 

Elat blade paddle 

5.1 

cm - 

dia. 

9-»00 

1.27 

1 .29 

impeller 

Elat blade paddle 

6.4 

cm - 

d. i Q. • 

9.00 

1.32 

1.27 

impeller 

Elat blade paddle 

7.6 

cm - 

dia. 

9.00 

1 .20 

1.20 


impeller 

Erom the table it is evident that '4' depends on the type of 
mixer chosen to suspend the particles. It doesnot depend upon the 
clearance from the tank bottom, nor on the dimension of the mxxer 
dig, 4 .1 0) Value oft', however is observed to depend upon the 



o propeller dia 

• PROPELLER DIA 


6.0 CM. 
7.8 CM 


T/ C « "3 ‘6 6 

/ 



EFFECT OF PROPELLER 
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clearance i'roo the tank bottom, since the slope of the lines in 

figures 4.11 ana 4.12, changes I'/O. The figures 4.11 and 4.12 

-were drawn by get ling relevant values from the plot of H -values 

c 

# 

versus T/C as shown in figures 4.13 and 4.14. The value of 't' 
also depends upon the type of mixer. 

Figure 4.15 shows a log-log plot of 't' versus 'f/C. The 
relevant values are obtained by cross reading from the plot of 

shown in figure 4.11 and 4.12. It can be 

^ —0 1 2 
observed from the figure tiiat ’t' varies as part of CT/C) 

for padule mixer ana part for propeller. The 

corresponding relations to evaluate 't' comes co, 

t = k^ (t/G)"*^*^ for square pitch propeller 

t = k 2 for paddle mixer 

Where uhe v lues of k^ and are lae respect ively . It can also be 
observed from the figure that below che value of T/C equal to 

3.0, 't' for both che mixers is apiU-oximately the same. This in 

other words means that the suspension characteristics of both 
type of mixers (square pitch mrine propeller arid six flato 
blade paddle impeller) are more or less similar for t/c 
less than 3.0. 










FFECT OF CLEARANCE ON Nc-- V 
FOR PROPELLER DIAMETER* 6.0 r" 












TANK 

TANK 


TANK 

TANK 






o PROPELLER ' 0!A.-,U'TKR = 6-0 0'- 

X' PADDLLE iWPELLrR DlA-iFrpR 



T/c . 

FtG. -4-15 dependence OF 't' ON T/C FOR 
PROPELLER AND PADDLE IMPEL LEi 
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4.5 Bependence of mixer diameter on N s 

c 

Prom the particle concentration versus N plots, h -values 
vere found out for a con,stant clearance, tank dianiurer and particle 
concentration. These values were then plotted against the diameter 
of the impellers, figure 4.15 shows such a plot for a paddle- 
mixer. Since, only two sises v/ere availahle such a plot could not 
be completed for marine propeller. 'The slope of the curve comes 
to 2.14, i.e. 

1^ varies as 

how from Zwietering's relation, 

N varies as (T/D)^ 1/D^ 

o 

ProiQ present experimonts, the value of *a’ is 1.5. Therefore, 

b = 2.14 -1.3 
. = 0.84 

Which is in excellent agreement with the value of 0.85, quoted 
by Zwieterihg. 









OdAF'MR - 5 


CO-'ULUSIuI’Jo Adi) xui(JUi;lj.*iiiJDA'JIol'l'S 


foliuv/ing conclusions can be drawn from the present studys 
ii) i'he critical speed of su^ension, d , observed from three 
aii’Leront methods i.e, 

la) by physically withdrawing the local samples of particu- 
late suspensions. 

ib) through light-scat oering technique and 
ic,i by visual observations 

uri,. Liuro or less saiuo. Iherefore, it can be concluded chat cased 
ot. visual observations can be tahen as the true I^-values although 
the method appears to be subjective. 

lii) A raodel of suspension is proposed on the basis of 
.■xperimentsl data obtained by physically withdrawing the local samples 
.‘vr-cordingly to this model, the solids are suspended first completely 
■it ;■ specified r.p.ni. of the impeller and subsequently they are 
(iiutributu<i throughout the tank region in response to a homogeni- 


.'.-it.ion t-jtup. 

iiii) i'he Iwie tarings relation for calculating the value of M 
in a atirrod tank with particulate suapensions is Talidated because 

of tile correctness of a^-ralues observed visually. Also, 

l.a) varies as as reported by Zwieterlng. 

^b) H varies as 1/1)° which 'is also as contained in 

Zwietering relation. ^ 


liv) T conlnined in the Zwietering relation is a function 
of the type of stirrer, and not on its diiaension or' clearance frou 


hlic tank bottom. 
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Iv) ’ r ’ , the exponent of (i'/li'j in the relation is a function 
1 tiiu type of thi. stirrer and its clearance from tiie tank 'botuom-. 
.mieie exii’jtsjQ relationsnip for ’t' versus rhe clearance expressed 
in viirh.. ns ionless form according to, 

(n) t = li'/C)"^*^ for square pitch propeller and 

(b) t = k^ H/C) ^ for paddle impeller. 

He coi.ii.ie ndo tions 

It is recoimnended that similar work be continued with other 
cypes of iinpellors to throw more liglit particularly on the nature 
of and *t'. 
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(i1) Siz? of til? Solid Particles - 500 micron 

PHVSTC^L PPOPSPTIBS 0^ LIQUID 

Lir^uid us'=>d - Di still '^d Water 

(!) D'^'nsit^ of Distill w<^ter - 1.00 ?tn/cm*^ 
(m Viscosit7 of Distill Wst^r - 0.9S80 c.p. 
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■ 1 

D Ax'A QB'fAIItelD BY SAliBLim i-iETOOD 

'i/H = 1,5 

T/C = 5.66 

i^o. of j3afflos= 3 
•Aidth of i3affles= 0.1 'f 


iAu3L^ - 1 

Avu'ragu local sample conctjntrat ion at various (propeller) 
speeds, for dif !u: ent solid loadings. 






i’ = 16. 

2 cm 

D = 6.0 

cm 




r .p.m. 



J.'fKjTag'j 

lank boncentration 



. i ft 

2.0 

3.0 

4.0 

1) mO 

12.0 

20.0 

30.0 

40.0 


1 

350 

0.4 10 

0.675 

1 .125 

1 .400 

- 

- 

- 

- 

2 

400 

0.425 

0.775 

1 .275 

1 .bOO 

_ 

- 

- 

- 

3 

450 

0 . 500 

0 .oOo 

1 .425 

1 .950 

5.00 

- 

- 

- 

4 

poo 

0.575 

1 .025 

1 .600 

2.5bO 

5.50 

- 

- 

- 

* » 

"j p 0 

0 . /oO 

1 .IbO 

1 .035 

2.290 

5.90 

- 

- 

- 

■ 

bOO 

0.640 

1 .5 /"I 

2 .000 

5.500 

b.50 

- 

- 

- 

Y 

o50 

1 .000 

1 .500 

2.500 

4.360 

7.25 

- 

- 

- 

b 

700 

1 .250 

1 .bOO 

2.900 

5.400 

b.30 

17.50 

2b. 50 

35.00 

9 

750 

1.100 

2 .300 

3.475 

6.150 

0.35 

19.5 

32.20 

3b. 55 

10 

bOO 

0.900 

1 .bOO 

3.700 

4.300 

10. bO 

24.50 

35.30 

42.00 

11 

b50 

O.bOO 

1 .470 

3.330 

9.450 

I2.b0 

29.00 

3b. 00 

47.00 

12 

900 


1 .230 

3.200 

5.000 

14.00 

36.00 

44.00 

54.50 

13 

950 

— 

- 

2.b00 

3.700 

12.10 

44.00 

53.50 

?2.50 

14 

1000 

«- 



- 

9.20 

14.00 

65.00 

72.50 

15 

1050 

- 

- 

- 

- 

7tOO 

9.00 

50.50 

7b . 20 

16 

1100 

- 

- 

- 

- 

b.30 

8.50 

36.00 

D 5 • 0 0 

17 

1150 

— 

- 

- 

- 

- 

- 

25.50 

37.00 

1b 

1200 



- 

- 

- 

- 

- 

27^00 



'll .-ijJ J-LU — 2 
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N^-vcxUiis autunainud by -sampling t<jchnique 


IS * li . 

Average Tank Concentration 

h^lr.p .m 

1 

2.0 

710 

2 

3.0 

750 

'5 

4.0 

780 

4 

8.0 

850 

5 

12.0 

900 

6 

20.0 

950 

7 

30.0 

1000 

8 

40.0 

1050 


xjjjJjjil - 3 


kun 1 


valutas observed visually for propellers 

f/H = 1.5 

I/O = 5.66 

ko, of iiaffles = 3 

Width of Baffles = 0.1 T 

B = 6.0 cm 


(r.p.m.) 

o.ii. Concentration 


> 

T = 12.75 cm 1 = 

14.07 cm 

I = 16.2 cm 

T = 21 .7 

1 .0 

- 

- 

660 

880 

2.0 

520 

620 

730 

930 

3.0 

_ 

- 

750 

- 

4.0 

570 

690 

780 

. 980 

6 .0 

590 

720 

820 

1030 

o.O 

o35 

760 

- 

1090 

10.0 

b60 

780 

- 

- 

12.0 


800 

- 

— 


cm 


8 



cotitd 


49 


■I/D 

*•0 

2.125 

520 

2.550 

630 

2.700 

700 

3.600 

920 


.'.un 2 

>.. . iv . 


D =7.8 

cm 



Concentration 

> 



'r.p.m. ) 


^=12.75 cm 

‘2=14.07 

cm 'jl'=16.2 cm 

'2=21 .7 cm 

1 

1 .0 


- 


- 

2 

2.0 

460 

520 

650 

750 

3 

3.0 

- 

- 

- 

- 

4 

^ .0 

510 

570 

680 

820 


b.O 

540 

600 

700 

850 

b 

fa.O 

560 

630 

720 

. 900 

7 

10.0 

580 

650 

750 

920 


t/d 


1 .600 

460 

1 .760 

520 

2.125 

620 

2.700 

750 
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'f j.j3Lj1)-4 

N^-valUo-s obs^irv'^d ■bjjiioh'^ soattoring tfaohnique 

for propullv^rs 


Run 

f/H 

T/C 

Wo . of Baffles 

Width of Baffles 

1 I) = 6.0 cm 

W 

c 

1 .5 

5 . 66 

• 3 

0,1 1 



; . ii . 

Concentrati 

fo 


(r .p.m.) 



0X1 ' ' 

f = 12.75 cm 

e = 

14.07 cm T = 

16.2 cm 

T = 21.7 cn 

1 

1 .0 

460 


560 

b40 

d50 

2 

2.0 

500 


610 

700 

920 

3 

5.0 

- 


- 

760 

950 

H- 

4.0 

560 


690 

780 

970 

‘u 

6.0 

5B0 


710 • 

810 

1020 


o . 0 

630 


750 

- 

1070 

7 

10.0 

650 


770 

- 

- 

B 

12.0 

- 


800 

- 

— 



I’/D 


N 

c 





2.125 


510 





2.35C 


620 





2.700 


680 





3.62t 


900 
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mn 2 


D = 7,8 cm 


S.No. 

cle 

Concexitri^tioii 


( r.p.m. ) 




t 

T= 

12.75 cm 

T= 14.0 cm 

T= 16.2 cm T= 

21.7 

1 

1.0 

380 

410 

480 

650 

2 

2.0 

420 

440 

520 

7 00 

3 

3.0 

440 

480 

550 

740 

4 . 

4.0 

460 

510 

570 

760 

5 

6.0 

480 

540 

590 

780 

6 

8.0 

500 

550 

620 

BOO 

7 

10.0 

510 

560 

640 

840 



T/D 






1.63 

420 





1,B0 

440 





2.08 

520 





2.78 

700 




ij. r. ' •■'nn 

c^u • < . Jljf ' 
^ Now A 
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Oomparision of N^-values observed by three 
different methods- 

Tank diameter = 16,2 cms 
Propeller diameter =6.0 cms 
f/H =1.5 

f/G =5.66 

do. of baffles = 3 

Vadth of baffles = 0.11 


h (r.p.m.) 

b.d. Particle- 

Concentration 



io 

Sampling 

method 

Visually 

light Scattering 
liethod 

1 

1 .0 


660 

640 

2 

2.0 

710 

730 

700 

3 

3.0 

750 

750 

760 

4 

4.0 

780 

780 

780 

5 

6.0 

- 

820 

810 

6 

8.0 

850 

840 

840 

7 

10.0 

- 

860 

850 

8 

12.0 

900 

900 

880 

9 

20.0 

950 

- 

— 

10 

30.0 

1000 

- 

- 

11 

40.0 

1050 

- 

- 
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i'i^-values observed visually for propellers and 
paddle impeller. 

f/H = 1 .5 

T/C =5.66 

Wo. of baffles = 4 


Huni 


Width of Baffles = 

Propeller diameter = 

0.1T 

6,0 cm 




Particle- 

Concentration 

(r.p.m.) 



% 

T = 12.75 cm T = 

14.07 cm S = 

16.2 cm 

T =21.7 
cm 

1 

1 .0 

480 

560 

650 

850 

2 

2.0 

510 

610 

710 

910 

3 

3,0 

540 

640 

750 

950 

4 

4.0 

560 

660 

780 

990 

5 

6.0 

580 

700 

820 

1060 

6 

b.o 

-620 

730 

850 

1090 

7 

10.0 

630 

740 

870 

1130 


l/P 

c 

2.125 

520 

2.35 

630 

2.70 

720 

3.60 

930 
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xtun 2 


Propeller diameter 

= 7.8 cm 



S.I\io . 

Particle- N 

Concentration 

^ ir.p.m.) 




1o 

T= 12.75 cm 1= 

14.07 cm T= 

16.2 cm 

1=21 .7 cm 

1 

1 .0 

350 

410 

480 

650 

2 

2.0 

400 

450 

520 

680 

3 

3.0 

420 

480 

550 

720 

4 

4 .0 

430 

500 

570 

750 

5 

6.0 

450 

520 

600 

780 

6 

8.0 

470 

540 

650 

810 

7 

10.0 

480 

550 

650 

850 



1/D 

^c 





1 .63 

390 





1 .80 

430 





2.08 

500 





2.78 

640 




Paddle Impeller diameter = 5i1 cm 


Run 3 


S-No. Particle- 

Concentration, 


1= 12.75 cm 



2 2.0 

3 3.0 

4 4.0 


N (.r.p.m.) 
c 


' 1 = 14.07 cm 1= 

16,2 cm 

1= 21 .7 

660 

740 

1050 

720 

800 

1140 

760 

840 

1200 

800 

880 

1250 


5 


B.O 


590 

620 

640 
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T/D 

2.50 590 

2.76 720 

5.18 800 

4.26 1150 

7 

N^-v glues observed by llf^ht-scettering technioue for 
"n addle imoeller. ( dlamete r = 5.1 cm) 





. T/H = 

1.5 






T/C = 

5.66 ' ■ 




- . No. 

of 

Baffles = 

4 




width 

of 

Ba^"fles = 

O.lT 

"■ ■■ 


S. Wo. 

Pertlcle- 

Concent’^qtlon 

(r.o.m.) 




t 


T= 18.75 

cm T= 14. 07 cm 

T=15.'2 cm 

T=21.7 cm 

1 

1.0 


57 0 

650 

740 

1050 

2 

270" 


580 

720 

-■800 

1140 

3 

3.0 


610 

750 

840 

1210 

4 

4.0 


640 

780 

870 

1240 

5 

6. 0 


67 0 

820 

930 

1320 


8.0 


680 


840 


950 
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Ijc values observed by light- scattering techni._^ue for 
propellers 



‘I/H 

= 1 .5 


I'/a 

= 5.66 

l\l 0 . 

of Baffles 

= 4 

/idth 

of Baffles 

= 0.11' 


Propeller 

diamerer 


d •iV 0 . 

Particle 

concentration 

i° 



m . ) 


1=12.75 cm 

1=14.07 

cm 1=16.2 cm 

1=21 1 

1. 

1 .0 

480 

540 

650 

840 

2. . 

2.0 

510 

bOO 

700 

^00 

3. 

3.0 

540 

630 

730 

850 

4 . 

^ .0 

o50 

650 

7o0 

iOOO 

'3 • 

6.0 

570 

680 

800 

1050 

b . 

8.0 

620 

720 

840 

1080 

Run 2 


Propell-r 

diaraeter 

7.8 cm 


1 . 

1 .0 

360 

400 

480 

660 

2. 

2.0 

400 

440 

500 

680 

3. 

5.0 

420 

480 

540 

720 

^ . 

4.0 

440 

500 

600 

760 

5 . 

b .0 

450 

550 

600 

760 

6. 

8.0 

470 

550 

650 

800 


cm 


Tiii3Lli;-8 


Run 1 


IT -values oTds 
° paddle imp 


No. of Baffle 


Width of Baff 


8, Ho. 

Particle- 

Concentration 

io 

?= 12.75 cm 

1 

1 .0 

480 

2 

2.0 

530 

3 

3.0 

540 

4 

4.0 

560 

5 

6.0 

_ 

6 

b.O 

— 


T/D 

2.50 

2.76 

3.18 

4.26 



710 


58 


Hun 2 D = 6.37 cm 


S.No . 

Particle- 

Concentration 


N (r.p.m.) 
c 





T= 

12.75 cm 

'1= 14.07 cm 

1= 

16.2 cm 

1= 21.7 cm 

1 

1 .0 

350 

400 


430 

630 

2 

2.0 

380 

440 


480 

700 

3 

3.0 

400 

460 


510 

740 

4 

4.0 

410 

480 


530 

770 

5 

6.0 

440 

490 


540 

800 

6 

8.0 

- 

- 


- 

- 



l/P 

^c 






1.99 

410 






2.19 

440 






2.53 

460 






3.39 

700 




Run 3 


D 

= 7.65 cm 




S.Ro. 

Particle- 

Concentration 


H Ir.p.m.) 
c 





io 

1= 

12.75 cm 

T= 14.07 cm 

T= 

16.2 cm 

21 .7 cm 

1 

1 .0 

240 

280 


310 

480 

2 

2.0 

270 

300 


330 

500 

3 

3.0 

280 

320 


350 

530 

4 

4.0 

290 

330 


370 

550 

5 

6.0 

300 

350 


390 

580 

6 

B.O 

320 

- 


410 

600 


60 


Run 2 


S . No .■ 

Particle 

Concentration 

io 

■J?= 

12.75 

1 

1 .0 

350 

2 

O 

• 

CM 

380 

3 

3.0 

400 

4 

o 

0 

420 

5 

6.0 

440 

6 

b.O 

450 


= 6.37 cm 


C/ 


14.07 cm 

1= 16.2 cm i= 

21 .7 

400 

420 

620 

430 

460 

690 

450 

500 

740 

480 

530 

760 

500 

550 

820 

510 

570 

840 


Run 2 D 


1 1.0 230 

2 2.0 270 

3 3.0 2B0 

4 4.0 290 

6.0 300 

8.0 320 


= 6.75 cm 


280 

310 

480 

310 

330 

500 

330 

340 

530 

340 

370 

540 

350 

390 

570 

360 

400 

600 


5 

6 
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i.‘ ai3jui1j“1 0 


U -values olserved visually as well as by light 
scattering technique for propeller at 
various distances from the tank bottom. 


f/H =1.5 

Particle Concentration = 2.0yo 
ho. of Buffles = 4 

Width of Baffles =0.11 

Propeller diameter = 6,0 cm 


S.Ko. Clearance (r.p.m.) 


in cm 




1= 12.75 cm 

1= 14.07 cm 

T= 16.2 cm 

1= 21 .7 cm 

1 

0.5 

420 

- 


- 

2 

1 .0 

430 

550 

630 

730 

3 

1 .5 

450 

550 

640 

730 

4 

2.0 

490 

560 

640 

730 

5 

2.5 

540 

- 

- 

— 

6 

3.0 

580 

650 

700 

800 

7 

4.0 

590 

750 

820 

920 


5.0 

— 

770 

840 

950 
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■XABiiL-1 1 


N -values observed visually as well as by light- 
° scattering tecnnique for paddle impeller 
at Various distances from the tank bottom. 




X/H 


= 

1 . 

5 



Particle 

Concentration 


2 4 

0^/c 



No. of Baffles 

= 

4 




Width of 

Baffles 

= 

0. 

11 



Impeller 

diameter 

= 

5. 

1 cm 

-.No. 

Clearance 



r.p.m. ) 




in cm 








1=12.75 cm 

1=14.07 cm 1= 

16.2 cm 

1= 

21,7 cm 

1 

1.0 

540 

620 

680 


900 

2 

1.5 

540 

620 

680 


- 

3 

2.0 

560 

660 

- 


920 

4 

2.5 

620 

- 

760 


- 

5 

3.0 

670 

780 

820 


10)20 

6 

3.5 

- 

800 

- 


- 

7 

4.0 

- 

- 

900 


1140 

a 

4.5 

- 

- 

910 


1190 

9 

5.0 

— 

- 

- 


1210 



